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Learning is correlated with the assembly of new
synapses, but the roles of synaptogenesis processes
in memory are poorly understood. Here, we show
that mice lacking b-Adducin fail to assemble new
synapses upon enhanced plasticity and exhibit
diminished long-term hippocampal memory upon
environmental enrichment. Enrichment-enhanced
the disassembly and assembly of dynamic subpopu-
lations of synapses. Upon enrichment, stable
assembly of new synapses depended on the pres-
ence of b-Adducin, disassembly involved b-Adducin
phosphorylation through PKC, and both were
required for augmented learning. In the absence of
b-Adducin, enrichment still led to an increase in
spine structures, but the assembly of synapses at
those spines was compromised. Virus-mediated re-
expression of b-Adducin in hippocampal granule
cells of b-Adducin/ mice rescued new synapse
assembly and learning upon enrichment. Our results
provide evidence that synapse disassembly and the
establishment of new synapses are both critically
important for augmented long-term learning and
memory upon environmental enrichment.
INTRODUCTION
Learning can be correlated with a rapid establishment of new
spine structures, assembly of new synapses at those spines,
and long-term maintenance of a small fraction of those new
synapses (Hofer et al., 2009; Yang et al., 2009; Xu et al., 2009;
Wilbrecht et al., 2010), but the roles of these synaptogenesis
processes in memory have remained unclear (Holtmaat and
Svoboda, 2009; Hu¨bener and Bonhoeffer, 2010). Environmental
enrichment protocols, where animals experience more sensory,
motor, and social stimuli, provide attractive experimental
systems to investigate causal relationships between learning
and synaptogenesis processes in the adult (van Praag et al.,
2000; Nithianantharajah and Hannan, 2006; Baroncelli et al.,
2010). Thus, enrichment produces robust and reversible
increases in the numbers of excitatory synapses in the CNS,1132 Neuron 69, 1132–1146, March 24, 2011 ª2011 Elsevier Inc.as well as circuit alterations reminiscent of enhanced plasticity
in juveniles (Moser et al., 1997; Gogolla et al., 2009; Baroncelli
et al., 2010). In parallel, when mice with targeted mutations
that compromise synaptic plasticity and learning are housed in
enriched environment, learning deficits due to the mutant back-
ground can be overcome (Rampon et al., 2000; Nithiananthara-
jah and Hannan, 2006). Furthermore, enrichment promotes
access to critical period-like plasticity and enhances recovery
after lesions in the adult (Kim et al., 2008; Baroncelli et al.,
2010). The powerful behavioral consequences of environmental
enrichment may thus involve enhanced synapse turnover and
synaptogenesis, but testing this hypothesis has been prevented
by the absence of tools to specifically interfere with synaptogen-
esis processes in the adult. Here, we introduce a mouse model
with a specific deficit in the assembly of synapses under condi-
tions of enhanced plasticity in the adult and exploit the model to
investigate a role for enhanced synaptogenesis in supporting
learning and memory upon environmental enrichment.
While under basal conditions, only a minority of synapses turn
over in the adult CNS, physiological signals that promote plas-
ticity not only increase synaptogenesis, but also enhance
synapse turnover. For example, (1) the potent enhancer of plas-
ticity BDNF promotes synaptogenesis and spine turnover (Horch
et al., 1999; Yoshii and Constantine-Paton, 2010), and Wnt
factors can both destabilize synapses and enhance synaptogen-
esis (Klassen and Shen, 2007; Sahores et al., 2010); (2) studies in
organotypic slice cultures and in vivo have provided evidence
that treatments inducing long-term potentiation of synaptic
transmission not only stimulate the establishment and mainte-
nance of new synapses, but also produce a widespread destabi-
lization of spine synapses (De Roo et al., 2008; Barbosa et al.,
2008); (3) oculodominance shift experiments in adult mice have
provided evidence for enhanced synapse turnover paired to
long-term retention of functionally important synapses in visual
cortex (Hofer et al., 2009); (4) enhanced plasticity during circuit
maturation is accompanied by both higher synapse densities
and higher turnover rates of synapses (Gan et al., 2003). Taken
together, these studies in different systems and under different
experimental circumstances all suggest that learning-related
plasticity may involve enhanced synapse turnover coupled to
the establishment and retention of critical synapses.
Investigating causal relationships among synapse turnover,
synapse formation, and learning would be greatly helped by
the availability of animal models in which the formation and/or
maintenance of new synapses in the adult is impaired. Given
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Stabilization of New Synapses by b-Adducinthat the vast majority of excitatory synapses appear to be stable
in the adult, failure to stabilize new synapses may selectively
affect a minority of synapses, possibly including the additional
synapses upon environmental enrichment. b-Adducin, an abun-
dant and broadly expressed member of the Adducin family of
cortical cytoskeleton-stabilizing proteins in neurons, has proper-
ties of a candidate gene to regulate synapse stability upon plas-
ticity (Matsuoka et al., 2000). Unlike a- and g-Adducin, which are
expressed ubiquitously, b-Adducin is mainly expressed in the
nervous system and in erythrocytes. Adducins function as
homo- and heterodimers that cap actin filaments in the cytosol
and link them to the spectrin cytoskeleton at the cell membrane
(Matsuoka et al., 2000). Negative regulation of Adducin binding
to the actin cytoskeleton involves phosphorylation by PKC and
PKA and binding of calcium-calmodulin (Matsuoka et al.,
1998). Phosphorylation of b-Adducin is strongly enhanced
upon LTP induction, suggesting that it may be involved in regu-
lating plasticity (Gruenbaum et al., 2003). Indeed, mice lacking
b-Adducin exhibit a deficit in the long-term maintenance of
LTP and specific deficits in hippocampal learning (Rabenstein
et al., 2005; Porro et al., 2010). The mechanisms underlying the
plasticity and learning deficits in b-Adducin/mice are currently
unclear, but one possibility consistent with its role as a linker
between cortical and actin cytoskeleton is that b-Adducin may
have a critical role to promote stabilization of new synapses
upon learning. Consistent with this possibility, b-Adducin accu-
mulates at dendritic spines (Matsuoka et al., 1998), and its
Drosophila homolog has a critical role to stabilize larval neuro-
muscular junctions (Pielage et al., 2011).
Here, we investigated synapse remodeling and learning upon
environmental enrichment in the presence and absence of b-Ad-
ducin. We focused our analysis on large mossy fiber terminals
(LMTs) in the stratum lucidum of hippocampal CA3 and on
dendritic spines in the stratum radiatum of hippocampal CA1.
LMTs are potent presynaptic terminals consisting of up to
more than 30 individual synapses with pyramidal neuron thorny
excrescences (Henze et al., 2000). In the context of this study,
their experimental advantages include the fact that synapse
numbers at individual LMTs can be selectively regulated upon
environmental enrichment (Gogolla et al., 2009), that the neurons
that originate the mossy fibers (granule cells) are readily acces-
sible to targeted experimental manipulations in the dentate
gyrus, and that the functional output of the granule cells in CA3
can be assayed behaviorally (Jessberger et al., 2009).
We show that at LMTs of mice housed under control condi-
tions about 35%of the synapses are relatively labile and become
reversibly destabilized in the presence of the protein synthesis
inhibitor anisomycin. Environmental enrichment greatly acceler-
ated the disassembly and assembly of labile synapses at LMTs,
which became dependent on the presence of nonphosphory-
lated b-Adducin for their maintenance. In enriched mice lacking
b-Adducin, labile synapses were destabilized and reassembly
was specifically impaired. This involved cell-autonomous roles
of b-Adducin, and led to a failure to assemble new synapses
upon enriched environment in the absence of b-Adducin at
LMTs and in CA1. Interestingly, enrichment still produced a
robust increase in postsynaptic spine structures at LMTs and
in CA1 in the absence of b-Adducin, but this was not matchedby a corresponding increase in synaptic structures at these
spines. Most notably, while enrichment-enhanced hippocampal
learning and memory in wild-type mice, it impaired learning and
memory in b-Adducin/ mice, and these deficits were specifi-
cally rescued by reintroducing b-Adducin into granule cells.
These results establish b-Adducin/ mice as a model system
to investigate roles of synaptogenesis processes in learning,
memory, and repair in the adult. The results further provide
evidence that synapse disassembly and the stable assembly of
new synapses are both critically important to mediate the
beneficial effects of environmental enrichment on learning and
memory.
RESULTS
Enhanced Active Zone Labilities and Reassemblies
upon Environmental Enrichment
Does housingmice under enriched environment conditions influ-
ence synapse stabilities? To address this question, we studied
the losses and recoveries of putative active zones (AZ) at LMTs
in vivo upon a single local unilateral application of the protein
synthesis inhibitor anisomycin to hippocampal dentate gyrus,
where the cell bodies of mossy fibers are located. The treatment
interrupts the supply of newly synthesized proteins during 6–8 hr
postinjection (peak at 3 hr; no detectable inhibition at 9 hr),
leading to a transient destabilization of synaptic complexes
(Wanisch and Wotjak, 2008; Dieterich et al., 2010; Figure 1A).
We monitored AZ densities as contents of Bassoon-positive
puncta per mossy fiber LMT volume in CA3b. Since this is about
1 mm away from the cell bodies of granule cells, local delivery of
previously synthesized proteins upon anisomycin continued for
a period of 4 hr (6 mm/day axonal transport rates) to 12 hr
(2 mm/day rates; slowest components of axonal transport) (Fig-
ure 1A). In control experiments, we obtained closely comparable
results when analyzing Synapsin1-positive puncta as a second
AZ marker (see Figure S1 available online). For most experi-
ments, LMTs were visualized in transgenic Thy1-mGFPLsi1
reporter mice (De Paola et al., 2003), but all main results were
confirmed in neurons that were randomly labeled with an
mGFP lentivirus (Experimental Procedures).
In mice housed under standard cage conditions (defined here
as control), anisomycin had no detectable effect on AZ densities
for up to 6 hr and led to a transient decrease at 12 hr and 24 hr,
followed by recovery to control values at 48 hr (Figure 1B). By
contrast, mice that had been housed in enriched environment
for 2 weeks exhibited dramatically accelerated AZ losses and
recoveries: AZ densities were already substantially reduced at
6 hr, minimum values were reached at 12 hr, and AZ densities
had fully recovered at 24 hr (Figure 1B). The accelerated AZ los-
ses were reflected in reduced stratum lucidum Bassoon protein
contents at 6 hr of anisomycin, suggesting that AZ disassembly
and Bassoon degradation were correlated (Figure S1). Upon
4weeks of enrichment, AZ densities in the absence of the protein
synthesis inhibitor were substantially higher than under control
conditions (Figure 1B; p < 0.001), but the time courses of AZ
losses and recoveries upon anisomycin were comparable to
those of mice that had been exposed to enrichment for 2 weeks
(Figure 1B). Notably, minimum AZ densities upon anisomycinNeuron 69, 1132–1146, March 24, 2011 ª2011 Elsevier Inc. 1133
Figure 1. Enhanced AZ Labilities/Reassemblies and LMT Complexities upon Enriched Environment (EE)
(A) Schematic of anisomycin experiments in vivo. Top: anisomycin is applied locally in the DG, and mossy fibers are analyzed in CA3b. The time lines indicate the
approximate duration of new protein supply blockade at granule cells and at CA3b (brown bar: complete blockade; salmon bar: partial blockade).
(B) Left: Example of LMT expressing membrane-targeted GFP (green) and stained for bassoon (red) to visualize AZs. In the confocal image Bassoon stain outside
the LMT ismasked. Right: Time course analysis of Bassoon-positive puncta (AZs) per LMT volume after anisomycin injections. Error bars: SEM; 3–4mice per time
point; *p < 0.05, ***p < 0.001 in post-ANOVA Tukey test. Horizontal bar: approximate time window during which anisomycin in the dentate gyrus impairs the
delivery of new proteins at LMTs in CA3b.
(C) Representative camera lucidas of LMTs under control conditions, and upon 2 weeks and 4 weeks of EE. Arrows: satellite LMTs.
(D) LMT complexities and satellite LMTs upon 2 weeks and 4 weeks of EE. n = 150 LMTs, from 3 mice each. Error bars: SD.
(E) Relationship between complexity index and AZ densities at individual LMTs, with and without anisomycin. The scatter plot represents values for individual
LMTs. Data from 3 mice each.
(F) Schematic illustrating time course of structural changes upon EE. The two rows represent LMTs of different complexity (lower row: more complex, with more
labile AZs).
Bars: 5 mm. See also Figure S1.
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under control conditions LMT densities in stratum lucidum
were not affected by anisomycin (not shown), these results
suggest that a comparable number of AZs per LMT volume
(ca. 1.4 per mm3) is resistant to disassembly induced by
anisomycin under control conditions and upon 2 or 4 weeks of
enrichment (Figure 1B).
In parallel to an enhanced AZ turnover, environmental enrich-
ment produced net structural alterations in LMTs. We defined
LMT complexities as the convolution degree of LMTs and ex-
pressed them as ratios between measured volumes and pre-
dicted volumes for spheres of equal surface area. As shown in
a previous study, enhanced convolution degrees upon enrich-
ment reflect the presence of more elaborate postsynaptic thorny
excrescences and of higher numbers of synaptic contacts at
LMTs (Gogolla et al., 2009). We now found that LMT complexity
distributions were already detectably different from controls at
2 weeks of enriched environment, when the populations of
more simple and more complex LMTs were both enhanced
(Figures 1C and 1D), whereas no detectable changes in LMT
complexities were detected after 1 week of enrichment (not
shown). Upon 4 weeks of enrichment, contents of simple LMTs
had reversed to control values, whereas the fraction of very
complex LMTs had increased further (Figure 1D). Consistent
with the notion that enhanced complexities and accelerated
AZ turnovers may be related phenomena, LMTs with higher
complexities exhibited markedly lower AZ/LMT volume values
upon anisomycin than those with lower complexities (Figure 1E).
Therefore, housing mice in enriched environment results in an
acceleration of AZ disassembly and assembly upon anisomycin
and LMT remodeling, which are clearly detectable from 2 weeks
on, whereas net increases in synapse numbers only become
detectable at later time points (Figure 1F).
Enhanced Lability of Synaptic Structures in the Absence
of b-Adducin
Does the accelerated AZ turnover upon anisomycin and/or the
larger total numbers of synapses have a role in the enhanced
plasticity and the more robust learning produced by environ-
mental enrichment conditions? As a first step to address these
questions, we searched for mice that may have a defect in
synapse stabilization, reasoning that these may then provide a
sensitized background to uncover any functional roles of
enhanced synapse dynamics and/or synapse numbers upon
enrichment. Accordingly, we analyzed synapse turnover in
mature hippocampal slice cultures from b-Adducin/ mice.
Most imaging was carried out with 30 days cultures (correspond-
ing to about P35), and experiments with 60 days cultures yielded
comparable results (not shown). Time-lapse imaging of wild-type
LMTs at 1 day intervals revealed the expected relative stability,
with only occasional gains or losses in filopodia and hardly any
turnover of satellite LMTs (Figures 2A and 2B). By contrast,
b-Adducin/ LMTs exhibited dramatic remodeling of filopodia
and satellites (Figures 2A and 2B), suggesting enhanced
synapse turnover in the absence of b-Adducin. To determine
whether the enhanced structural plasticity of LMTs was a direct
consequence of the absence of b-Adducin, and whether it was
cell autonomous, we reintroduced a functional GFP-b-Adducinconstruct (Matsuoka et al., 1998) into granule cells in the slice
cultures via gene gun. GFP-b-Adducin accumulated efficiently
in dendritic and axonal compartments of transduced granule
cells, including LMTs (Figure 2B). In parallel, reintroduction of
GFP-b-Adducin into granule cells restored the stability of satel-
lites and filopodia at LMTs of transduced neurons (Figure 2B).
To further investigate the stability of synapticmembrane struc-
tures in the absence of b-Adducin, we monitored spine turnover
in the stratum radiatum of hippocampal CA1 in mature wild-
type and b-Adducin/ slice cultures. In the absence of b-Addu-
cin, spine gains and lossesweremore than twice as frequent as in
wild-type cultures (Figures 2Cand2D).Consistentwith the notion
that the presence of b-Adducin is important to stabilize spines,
mutant dendrites exhibited a low frequency of thin (i.e., relatively
unstable) spines (Figure 2C). To determinewhether the enhanced
spine turnover was a direct consequence of the absence of
b-Adducin in CA1 pyramidal neuron dendrites, we reintroduced
the protein into CA1. The GFP-b-Adducin construct distributed
efficiently into pyramidal neuron dendrites, where it accumulated
at dendritic spines (Figure 2D). In parallel, the construct com-
pletely restored spine stability (Figure 2D). Taken together, these
results provide evidence that b-Adducin is critically important to
stabilize synaptic structures in mature slice cultures, which
exhibit enhanced turnover in its absence. The results further
show that b-Adducin acts acutely and cell autonomously pre-
and postsynaptically to stabilize synaptic structures.
Enhanced Lability of Active Zones, but No Changes
in Synapse Numbers in Mice Lacking b-Adducin
Do AZs exhibit enhanced lability in the absence of b-Adducin
in vivo? In the absence of anisomycin, AZ densities at LMTs of
b-Adducin/ mice were undistinguishable from those in wild-
typemice (Figures 3A and 3B). However, application of anisomy-
cin into the dentate gyrus of b-Adducin/ mice led to a rapid
loss of about 40% of the AZs at 6 hr (Figure 3A). Peak reductions
at 12 hr were about 50%of untreated control, and values at 24 hr
were within a comparable range (Figure 3A). At 48 hr, AZ densi-
ties had recovered to about 90% of control values (Figure 3A).
These findings suggest that the stability of about half of the
synaptic complexes at LMTs is severely impaired in the absence
of b-Adducin. By contrast, and unlike those of wild-type mice
upon enrichment, recoveries from anisomycin-induced losses
were not accelerated in the mutant mice, suggesting that the
absence of b-Adducin specifically enhanced AZ lability without
enhancing reassembly. Like in the enrichment experiments in
wild-type mice, AZ density values did not decline substantially
beyond 6 hr, suggesting that LMT AZs may consist of subpopu-
lations with distinct labilities and that about half of the AZs resist
anisomycin-induced disassembly even in the absence of
b-Adducin.
In spite of the evidence for enhanced AZ lability in the aniso-
mycin experiments, we found no evidence for alterations in
synapse densities in adult b-Adducin/ mice. At the ultrastruc-
tural level, AZ densities per postsynaptic thorn area at LMTs
were comparable in wild-type and b-Adducin/mice, and satel-
lite numbers per LMT were also not detectably different from
control values (Figure 3B). Likewise, spine densities and
densities of PSD95-positive postsynaptic densities at spinesNeuron 69, 1132–1146, March 24, 2011 ª2011 Elsevier Inc. 1135
Figure 2. Enhanced Synapse Turnover in Mature Organotypic Slice Cultures Lacking b-Adducin
Slice cultures from P8 membrane-targeted GFP reporter mice imaged upon 30 days in vitro.
(A) Examples of LMTs fromwild-type and b-Adducin/ cultures imaged at 1day intervals. Sample confocal images (top rows) and camera lucida tracings (bottom
rows).
(B) Quantitative analysis of satellite and filopodial gains and losses at LMTs. n = 45; post-ANOVA Tukey test; *p < 0.05, **p < 0.01. Lower panels: low-magnification
view of granule cell (left) and high-magnification view of LMT in CA3b (right) transduced with GFP-b-Adducin.
(C) Examples of apical dendritic stretches in CA1 (stratum radiatum) fromwild-type and b-Adducin/ cultures imaged at 1 day intervals. Arrowheads: lost spines
(red), new spines (green).
(D) Quantitative analysis of spine gains and losses in CA1. n = 30 pyramidal neurons; post-ANOVA Tukey test; *p < 0.05, **p < 0.01. Lower panels: low-
magnification view of CA1 pyramidal neuron (left) and high-magnification view of dendritic spines (center and right) transduced with GFP-b-Adducin and
membrane-targeted RFP.
Bars: 10 (A), 4 (B–D) mm.
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Figure 3. Specific Increase in AZ Lability, but No Alterations in Synapse Numbers in b-Adducin–/– Mice Housed under Control Conditions
(A) Increased AZ lability at LMTs of b-Adducin/ mice. Details as in Figure 1B.
(B) No alterations in AZ/thorn densities and in satellite numbers at LMTs in b-Adducin/ mice. AZ densities per thorn area: analysis of electron micrographs;
n = 20 micrographs from 5 mice each. Satellite LMTs: n = 120 LMTs, from 3 mice each. Error bars: SD.
(C) No alterations in spine and synapse densities at spines in b-Adducin/mice. Left: Sample confocal images of CA1 dendrites expressingmembrane-targeted
GFP. Quantitative analysis: n = 60 dendrite stretches from 5 mice each.
Bar: 4 mm.
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Figure 6B) did not detectably differ from control values in
b-Adducin/ mice. A comparison of spine morphologies sug-
gested a lower incidence of thin spines and an unusually high
frequency of long spines with very large heads in b-Adducin/
mice, possibly reflecting a higher resistance to destabilization
in these larger spines (Figure 3C). Taken together, AZs exhibit
enhanced anisomycin-induced lability in the absence of b-Addu-
cin in vivo, but when mice are housed under control conditions,
this enhanced lability is not reflected in noticeable changes in
the densities of excitatory synapses in hippocampal stratum
lucidum or in CA1.
PKC-Mediated Phosphorylation of b-Adducin Required
for Synapse Disassembly upon Enrichment
Phosphorylation of b-Adducin leads to its dissociation from
plasma membrane anchorage sites, raising the possibility that
phosphorylation of b-Adducin may be involved in synapse disas-
sembly under conditions of enhanced plasticity. To explore the
possibility that b-Adducin may be a direct target of regulation
to decrease synapse stability upon environmental enrichment,
we monitored the levels of phospho-b-Adducin in stratum luci-
dum with a specific antibody in wild-type mice. While total levels
of b-Adducin were not affected by enriched environment,stratum lucidum Pi-b-Adducin levels were specifically doubled
upon 2 weeks or 4 weeks of environmental enrichment (Fig-
ure 4A). These findings are consistent with the possibility that
b-Adducin may be one relevant target for synapse stability regu-
lation in the adult, and that enhanced levels of phosphorylated
b-Adducin may contribute to reducing synapse stability upon
enrichment in wild-type mice.
To investigate a possible involvement of b-Adducin phosphor-
ylation in synapsedisassemblyuponenrichment,we treatedmice
with chelerythrine, an inhibitor of PKC that has been shown to
protect cortical dendritic spines from stress-related disassembly
(Hains et al., 2009). Chelerythrine strongly reduced Pi-b-Adducin
levels in stratum lucidum of enriched mice (Figure 4B). We then
analyzed losses and recoveries of AZ densities at LMTs in
2 weeks enriched mice that had been pretreated with the PKC
inhibitor for 1 hr prior to anisomycin application. At the time of
anisomycin application, AZ densities were comparable to
untreated controls (Figure 4C). However, chelerythrine com-
pletely prevented the reduction of AZ densities that is detected
6 hr after anisomycin in enriched mice (Figure 4C). Consistent
with the notion that AZ disassembly involves b-Adducin dephos-
phorylation, chelerythrine did not prevent accelerated AZ disas-
sembly in mice lacking b-Adducin (Figure 4C). In a second set
of experiments, we investigated AZ reassembly by deliveringNeuron 69, 1132–1146, March 24, 2011 ª2011 Elsevier Inc. 1137
Figure 4. Synapse Disassembly in Enriched Mice Depends on phosphorylation of b-Adducin Involving PKC
(A) Enhanced phosphorylation of b-Adducin upon enriched environment (EE). Stratum lucidum homogenates (2wild-typemice per condition) were first probed for
Pi-b-Adducin, and then for b-Adducin. Right: Quantitative analysis of immunoblot signals normalized for control values; n = 3 mice per condition. Error bars: SD.
(B) Phosphorylation of b-Adducin depends on PKC. Enriched mice (2w) were treated with chelerythrine (i.p.) and stratum lucidum homogenates were collected
12 hr later. Other conditions as in (A).
(C) AZ disassembly at LMTs upon enrichment depends on PKC activity in wild-type, but not in b-Adducin/ mice. Conditions as in Figures 1B and 3A.
Chelerythrine was applied either 1 hr before, or 12 hr after anisomycin (red arrows); inhibitor-treated samples are in red. Treated and untreated samples (boxed)
were compared using a post-ANOVA Tukey test; ***p < 0.001; error bars: SEM; 3 mice per time point.
(D) Enhanced LMT AZ densities in enriched wild-type mice treated with PKC inhibitor. Details as in (C).
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of disassembly in enriched mice. Chelerythrine markedly
enhanced AZ reassembly in 2 weeks enriched wild-type mice,
whereas it did not influence AZ reassembly in mice lacking
b-Adducin (Figure 4C).
To determine whether ongoing phosphorylation of b-Adducin
has a role in defining AZ density values, we treated control and
enriched mice with chelerythrine and analyzed AZ densities at
LMTs upon 7 hr of PKC inhibition. The inhibitor had no detectable
effect on AZ densities in mice housed under control conditions
but markedly enhanced AZ densities in 2 weeks enriched
mice, and this enhancement depended on the presence of
b-Adducin (Figure 4D).
Taken together, these results provide evidence that the phos-
phorylation of b-Adducin by PKC is critically important to
promote synapse disassembly and control synapse densities
upon environmental enrichment.
Failure to Establish New Synapses upon Environmental
Enrichment in the Absence of b-Adducin
Is the presence of nonphosphorylated b-Adducin also required
to reassemble lost synapses and assemble new synapses upon1138 Neuron 69, 1132–1146, March 24, 2011 ª2011 Elsevier Inc.environmental enrichment? Upon 2 weeks of enrichment, when
AZ densities in wild-type mice were not yet affected, AZ densi-
ties at LMTs in b-Adducin/ mice were indistinguishable from
values under control conditions (Figure 5A). When anisomycin
was applied to the dentate gyrus of these mice, AZ losses at
6 hr and 12 hr were closely comparable to those detected in
b-Adducin/ mice that had been housed under control condi-
tions (Figure 5A, blue versus yellow trace). Notably, maximal
anisomycin-induced losses in the b-Adducin/ mice were not
further enhanced upon enrichment, suggesting that the same
subpopulations of labile synapses were affected under these
experimental conditions (Figure 5A). However, in contrast to en-
riched wild-type mice and to nonenriched mutant mice,
recovery from anisomycin-induced AZ loss was dramatically
impaired: AZ densities had failed to recover at 48 hr, recovery
was only about 50% at 4 days, and about 90% at 8 days (Fig-
ure 5A, yellow trace). This dramatic impairment in the reassem-
bly of AZs upon anisomycin in enriched mice was completely
rescued upon lentiviral transduction of GFP-b-Adducin into
the dentate gyrus of adult b-Adducin/ mice (Figure 5A, red
trace). Taken together, these results suggest that upon environ-
mental enrichment, but not under control conditions, the
Figure 5. Failure to Increase Synapse, but Not Thorn Numbers at LMTs upon Enrichment in Mice Lacking b-Adducin
(A) Compromised reassembly of AZs upon anisomycin in b-Adducin/mice housed in EE. Rescue: 6 weeks b-Adducin/mice transducedwith GFP- b-Adducin
construct in dentate gyrus, and placed in EE 1 month later. Details as in Figure 1B.
(B) Failure to increase AZ densities at LMTs in b-Adducin/mice housed in EE, and rescue upon re-expression of b-Adducin in granule cells. n = 150 LMTs from
3 mice each; post-ANOVA Tukey test; **p < 0.01; error bars: SEM.
(C) Relationship between complexity index and AZ densities at individual LMTs of wild-type and b-Adducin/mice housed under control or enriched conditions.
Details as in Figure 1E.
(D) Increased thorn densities unmatched by increased synapse densities at LMTs of b-Adducin/ mice housed in EE. Left: Fractions of stratum lucidum
pyramidal neuron dendrites with thorns. n = 75 dendrites from 5mice each. Right: EM analysis of AZ density per thorn area. n = 20micrographs from 3mice each.
(E) Losses of satellites, instead of gains, at LMTs of b-Adducin/mice housed in EE. Left: Camera lucida drawings of sample LMTs. Right: Distribution of LMTs
based on satellite numbers. n = 300 LMTs from 5 mice each.
Bar: 5 mm.
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absence of b-Adducin.
To determine whether impaired assembly of labile synapses in
the absence of b-Adducin may affect enrichment-induced
synapse gains, we analyzed LMTs and CA1 spines in
b-Adducin/ mice upon 4 weeks of enrichment. In stark
contrast to wild-typemice, 4 weeks of environmental enrichment
failed to increase AZ densities per LMT in b-Adducin/ mice
(Figure 5B). This was specifically due to the local absence of
b-Adducin in mossy fibers and not to a failure to respond to
enriched conditions in themutantmice, because lentiviral rescue
with GFP-b-Adducin into the dentate gyrus of b-Adducin/
mice produced elevated AZ densities indistinguishable from
those in wild-type mice in transduced neurons (Figure 5B). A
comparison of AZ densities/LMT volume and LMT complexities
revealed that upon environmental enrichment the more complex
LMTs exhibited relatively lower contents of AZs in b-Adducin/
mice (Figure 5C). A detailed electron microscopic analysis of AZ
distributions, and of their relationship to postsynaptic thorny
excrescences revealed that while, as reported previously(Gogolla et al., 2009), these densities were not affected upon
enrichment in wild-type mice, 4 weeks of environmental enrich-
ment reduced AZ densities per thorn area in b-Adducin/mice
to 58% of control values (Figure 5D). By contrast, the increase in
thorny excrescence densities upon 4 weeks of enrichment was
not impaired in the b-Adducin/ mice (Figure 5D). More than
95% of AZs faced postsynaptic densities, and thus represented
bona fide synapses. Therefore, 4 weeks of environmental enrich-
ment produced a comparable growth of postsynaptic thorny
excrescences in wild-type and b-Adducin/ mice, but in the
mutant mice this increase in thorny spine structures was not
matched by a corresponding increase in the number of actual
synapses. We also analyzed frequencies of satellite LMTs
upon 4 weeks of enrichment. As shown in a previous study
(Gogolla et al., 2009), satellite frequencies increased substan-
tially upon 4 weeks of enriched environment in wild-type mice
(Figure 5E). In stark contrast, 4 weeks of enrichment produced
a net loss of satellite LMTs in b-Adducin/ mice, suggesting
that these LMT structures are particularly vulnerable to condi-
tions that enhance synapse dynamics (Figure 5E).Neuron 69, 1132–1146, March 24, 2011 ª2011 Elsevier Inc. 1139
Figure 6. Failure to Increase Synapse, but Not Spine Numbers in CA1 upon Enrichment in Mice Lacking b-Adducin
(A) Increase in CA1 spines upon enrichment. Left: Confocal images of CA1 pyramidal cell secondary dendrites in stratum radiatum. Right: Enriched environment
increases CA1 spine density in wild-type and b-Adducin/ mice. n = 80 dendrite stretches from 5 mice each. p values: post-ANOVA Tukey test; **p < 0.01.
(B) Synapses at CA1 spines upon enrichment. Left: Sample confocal image of a CA1 dendrite expressing mGFP (green) and stained for PSD-95 (red). Signal
outside the dendrite was masked. Right: Quantitative analysis of excitatory synapses in CA1 stratum radiatum. Spines with PSD95: n = 100 dendrite stretches
from 5mice each. PSD95 puncta in CA1: n = 40 303 303 10 mm3 volumes from 5mice each. p values: post-ANOVA Tukey test; *p < 0.05, **p < 0.01, ***p < 0.001.
Bars: 5 (A) and 2.5 (B) mm.
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densities in CA1. Like for thorny excrescences, 4 weeks of
enrichment led to a marked and comparable increase in stratum
radiatum spine densities in b-Adducin/ and wild-type mice
(Figure 6A). In further analogy to AZ densities at thorny excres-
cences, a detailed analysis of PSD95-positive postsynaptic
densities revealed that frequencies of PSD95 puncta per spine
decreased markedly upon enriched environment (Figure 6B),
leading to a suppression of CA1 excitatory synapse increases
upon enrichment in b-Adducin/ mice (Figure 6B).
Taken together, these results provide evidence that the pres-
ence of b-Adducin is specifically required to establish new
synapses under conditions of enhanced plasticity in the adult.
In the absence of b-Adducin, environmental enrichment still
leads to an increase in dendritic spine numbers, but this
increased density of spines is not matched by a corresponding
increase in actual synapses, leading to a failure to increase the
densities of excitatory synapses at LMTs and in CA1.
Absence of b-Adducin Switches Enrichment Effects
on Learning from Favorable to Detrimental
Does the failure to establish new synapses upon enrichment in
b-Adducin/mice affect the beneficial effects of environmental
enrichment on learning? To address this question, we focused
on learning protocols involving a hippocampal mossy fiber1140 Neuron 69, 1132–1146, March 24, 2011 ª2011 Elsevier Inc.requirement (e.g., Jessberger et al., 2009), where any learning
defect may then be rescued by re-expressing GFP-b-Adducin
in granule cells. In a first set of experiments, we compared
freezing upon contextual fear conditioning in mice housed under
control or enriched (4 weeks) conditions. As expected, and
consistent with stronger learning, re-exposure to context 1 day
after learning elicited stronger freezing in enriched wild-type
mice (Figure 7A). When housed under control conditions
b-Adducin/ mice were not noticeably different from wild-
type controls in this associative learning task (Figure 7A; as
mentioned in Experimental Procedures, and in good agreement
with a previous study [Rabenstein et al., 2005], the mutant mice
did exhibit reduced freezing to context when subjected to
a milder conditioning method). However, instead of increasing
freezing, enrichment reduced freezing in b-Adducin/ mice
(Figure 7A). In control experiments the environmental enrichment
protocol did enhance fear conditioning-induced freezing in
Rab3a/ mice that lack mossy fiber LTP (Castillo et al., 1997),
indicating that failure by environmental enrichment to increase
fear conditioning learning in b-Adducin/ mice was not just
due to a deficit in LTP at this critical synapse (Figure 7A). Environ-
mental enrichment has been shown to increase neurogenesis in
the dentate gyrus in the adult, and adult neurogenesis has been
related to improved hippocampal learning (Deng et al., 2010).
Therefore, in a second set of control experiments, we compared
Figure 7. Learning Gains upon Environmental Enrichment Turn into Losses in the Absence of b-Adducin
(A) Contextual fear conditioning: freezing responses 24 hr after acquisition. Enrichment increases the freezing rate in wild-type and Rab3a/mice lacking mossy
fiber LTP; it has the opposite effect in b-Adducin/mice, and this deficit is rescued by reintroducing b-Adducin into granule cells before EE and learning. n = 10
mice (rescue: 5). Error bars represent SEM. p values: nonpaired t test; *p < 0.05, **p < 0.01.
(B) Comparable stimulation of adult neurogenesis in the dentate gyrus upon EE in wild-type and b-Adducin/mice. Left: BrdU immunocytochemistry (white) and
DAPI (gray). Right: Quantitative analysis. Values normalized to wild-type mice under control conditions; n = 3 mice each. p values: nonpaired t test; **p < 0.01,
***p < 0.001.
(C) Transfection of GFP-b-Adducin construct via lentivirus-mediated delivery. Confocal images of sample coronal hippocampal sections stained with anti-GFP
(green) and NeuN (blue) antibodies. Positions from bregma: upper panel 2.30, lower panel 3.64.
(D) Novel object recognition 24 hr after acquisition. n = 10 mice (rescue: 5). p values: post-ANOVA Tukey test; *p < 0.05, **p < 0.01, ***p < 0.001.
(E) Novel object recognition 5 min after acquisition. n = 10 mice. Details as in (D).
(F) Conditions inhibiting synapse disassembly and enhancing synapse numbers in wild-type enriched mice decrease novel object recognition learning in those
mice, but do not affect long-term memory in wild-type or b-Adducin lacking control mice. n = 5 mice. Details as in (D).
(G) Relationship between median AZ densities at LMTs and freezing responses upon fear conditioning in 3 individual b-Adducin/ mice and 3 rescued
b-Adducin/ mice upon 4 weeks of environmental enrichment. n = 50 LMTs per mouse. Linear regression: r = 0.77.
Bars: 50 (B) and 200 (C) mm.
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b-Adducin/ mice. These experiments confirmed that environ-
mental enrichment produces a robust increase in the numbers of
BrdU-positive cells in the dentate gyrus and showed that the
increases were closely comparable in wild-type and
b-Adducin/ mice (Figure 7B).
To determine whether re-expression of b-Adducin in mossy
fibers, which rescues increased synapse numbers upon enrich-
ment, may be sufficient to also rescue this form of learning in
enriched b-Adducin/ mice, we investigated mice in which we
had applied the GFP-b-Adducin lentivirus to both hippocampi
at several positions along the dorsal-ventral axis 60 days before
the learning and 30 days before the enrichment protocol. This
procedure led to specific expression of the GFP-b-Adducin
construct in granule cells throughout the dentate gyrus (Fig-
ure 7C). Only mice that expressed the GFP-b-Adducin construct
in at least 20% of all NeuN-positive granule cells throughout the
hippocampus were included in the further analysis. Consistent
with an acute requirement for b-Adducin in mossy fibers to
mediate improved hippocampal learning upon environmental
enrichment, training of transduced mice revealed efficient
rescue of the enrichment benefit upon re-expression of the
GFP-b-Adducin construct in granule cells (Figure 7A).
In a second set of experiments to investigate the effects of
enriched environment on learning in b-Adducin/ mice, we
testedmice for novel object recognition. This behavioral protocol
tests for hippocampus-dependent memory, and performance
depends critically on the function of the mossy fiber pathway.
On day one, mice familiarize themselves with an arena that
includes two identical objects. On the second day, one of the
familiar objects is replaced with a novel one, and re-exposure
on the second day tests for the memory of the previous environ-
ment by determining the extent to which mice discriminate
between the familiar and the novel object. As expected, enriched
wild-type mice exhibited stronger discrimination than nonen-
riched mice, indicating a better memory (Figure 7D). Rab3a/
mice housed under control conditions performed at chance
values, indicating a disruption of the memory in the absence of
mossyfiber LTP (Figure7D). ExposingRab3a/mice toenriched
environment dramatically improved their performance, consis-
tent with the notion that enrichment has strong beneficial effects
on learning in mouse models of compromised synaptic plasticity
(Figure 7D; Rampon et al., 2000). b-Adducin/ mice that had
been housed under control conditions performed like wild-type
mice (Figure 7D). In stark contrast, when b-Adducin/ mice
were exposed to enriched environment, they completely failed
in the novel object recognition test (Figure 7D). Notably, this
failure was again fully rescued by re-expression of the GFP-b-
Adducin construct in granule cells, which switched back the
effect of enrichment on memory from a loss to a gain (Figure 7D).
To determine whether the absence of b-Adducin affected all
aspects of the context memory in enriched mice, we also tested
mice for novel object recognition 5 min upon familiarization with
the initial context, thus testing for a short-term memory of the
context. Environmental enrichment not only improved long-term,
but also short-term memory in wild-type mice (Figure 7E). Strik-
ingly, and in stark contrast to long-term memory, enrichment also
improved short-term memory in b-Adducin/mice (Figure 7E).1142 Neuron 69, 1132–1146, March 24, 2011 ª2011 Elsevier Inc.To determine whether higher synapse densities upon environ-
mental enrichment may be sufficient to improve learning, we
carried out experiments with the PKC inhibitor, which prevents
synapse disassembly and further increases synapse densities
in enriched wild-type mice. In wild-type or b-Adducin/ mice
housed under control conditions, inhibition of PKC did not affect
novel object recognition (Figure 7F). In stark contrast, while en-
riched wild-type mice exhibited enhanced memory in the
absence of PKC inhibitor, they exhibited novel object memories
that were substantially reduced compared tomice housed under
control conditions, and comparable to those of enriched
b-Adducin/ mice, in the presence of the PKC inhibitor (Fig-
ure 7F). These results suggested that enhanced synapse disas-
sembly upon b-Adducin phosphorylation is required for the
beneficial effects of enrichment on learning in wild-type mice.
In a second set of experiments to confirm that the assembly of
new synapses in the presence of nonphosphorylated b-Adducin
is also required to mediate the effects of enrichment on learning,
we compared learning to AZ densities in enriched b-Adducin/
mice, with and without viral rescue. The analysis confirmed the
existence of a clear positive correlation between freezing upon
fear conditioning and the density of AZs at LMTs in the individual
mice (Figure 7G).
Taken together, these results provide evidence that absence
of b-Adducin in mossy fibers specifically disrupts mossy fiber-
dependent long-term memory in enriched (but not nonenriched)
mice, whereas short-term memory is improved by enrichment
both in wild-type and in b-Adducin/ mice. Combined with
the specific requirement for b-Adducin in mossy fibers to estab-
lish new synapses at LMTs in enriched mice, the results provide
evidence that both synapse turnover and the assembly of new
synapses have a critical role in promoting long-term learning
upon enrichment.
DISCUSSION
We have shown that mice lacking b-Adducin have a specific
deficit to assemble new synapses under conditions of enhanced
plasticity. These mice thus provide a valuable model system to
investigate the regulation and roles of synaptogenesis pro-
cesses in learning and memory in the adult. Using b-Adducin/
mice, viral rescue experiments in vivo, and PKC inhibition in
wild-type mice we have provided evidence that augmenting
long-term learning and memory upon environmental enrichment
depends on synapse turnover, and the establishment of new
synapses. Notably, enrichment still led to an increase in spine
structures in the hippocampus in the absence of b-Adducin,
but the assembly of synapses at those spines was compro-
mised. We discuss below themain findings of the study and their
implications to elucidate themechanisms that relate learning and
memory to rearrangements of connectivity and the establish-
ment of new synapses in the adult.
b-Adducin–/– Mice as Model System to Investigate
Synaptogenesis Processes in the Adult
Using time-lapse imaging in mature hippocampal slice cultures,
we have shown that presynaptic filopodia and satellites at
stratum lucidum LMTs and postsynaptic spines in CA1 exhibit
Figure 8. Relationship between Learning, Environmental Enrich-
ment, and Connectivity Rearrangements in the Adult
(A) b-Adducin phosphorylation and dephosphorylation mediate the
disassembly of labile synapses and the assembly of new synapses upon
enrichment. Enrichment destabilizes labile synapses, which then depend on
nonphosphorylated b-Adducin (black dots) for their maintenance and de novo
assembly. The dissociation of b-Adducin from the spectrin cytoskeleton and
actin filaments upon its phosphorylation (red dots) releases a brake on actin
dynamics and protrusive growth.
(B) Learning-related synaptic plasticity and enrichment induce signals that
promote the growth of spines and filopodia. Synaptogenesis at the new
structures depends on subsequent and separate sets of signals and on the
presence of b-Adducin at synapses. Upon enrichment, signals to promote
structural growth may persist independent of learning, possibly by-passing
a requirement for LTP-related synaptic plasticity to enhance long-term
memory upon enrichment. Upper row: synaptogenesis at LMTs; lower row:
synaptogenesis at spines; new, labile synapses, are indicated in red
(presynaptic AZs) and blue (postsynaptic densities).
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b-Adducin was re-introduced into granule cells or pyramidal
neurons in CA1 in the slices cultures, the construct accumulated
at presynaptic terminals and at spines, and restored stability
properties comparable to those in wild-type slices. Regulation
of b-Adducin function at one side of a synapse may thus in prin-
ciple be sufficient to influence the stability of that synapse. This
may be similar to PSD-95, where stabilization from one side of
a synapse has also been reported (Qin et al., 2001).
b-Adducin/mice exhibited hippocampal spine and synapse
numbers that were closely comparable to those in wild-type
mice in the adult. However, experiments using the protein
synthesis blocker anisomycin revealed that under conditions
that challenge synaptic structure stability, labile AZs at LMTswere lost much more rapidly in the absence of b-Adducin. By
contrast, the reassembly of synapses once the effect of aniso-
mycin had subsided was not affected by the absence of b-Addu-
cin in mice housed under control conditions. Environmental
enrichment produced conditions under which the disassembly
and reassembly of labile AZs upon anisomycin were both greatly
accelerated in wild-type mice. Under such conditions, the
absence of b-Adducin dramatically compromised AZ reassem-
bly upon anisomycin. Furthermore, AZ disassembly upon
enrichment depended on PKC-dependent phosphorylation of
b-Adducin. Taken together, these results suggest that enrich-
ment specifically augments the structural plasticity of labile
synapses (see also Parsley et al., 2007), and that under such
conditions of enhanced synapse lability, nonphosphorylated
b-Adducin is critically important to maintain destabilized
synapses and establish new synaptic complexes. The specific
requirement for b-Adducin to support learning and memory
under conditions of enhanced structural plasticity is thus remi-
niscent of reports that learning enhances local synapse turnover,
and that learning and memory may depend on both the loss of
preexisting synapses and the assembly of new synapses (e.g.,
Barbosa et al., 2008). In support of the notion that learning can
involve b-Adducin-dependent assembly of new labile synapses,
we found that the establishment of new filopodial synapses by
hippocampal LMTs upon learning critically depends on the
presence of b-Adducin in those presynaptic terminal structures
(Ruediger et al., 2011).
Dissociation between New Spines and New Synaptic
Structures in b-Adducin–/– Mice
Our results highlight a distinction between the establishment of
new anatomical structures such as spines that can form
synapses, and the assembly of new synapses at those struc-
tures. Thus, new spine structures grew to comparable extents
at LMTs and in CA1 in wild-type and b-Adducin/ mice
upon environmental enrichment, but extra synapses failed to
form in the mutant mice. This remarkable finding suggests
that extra spines can be maintained in the adult CNS upon
enrichment even when these fail to establish synapses. The
presence of such synapse-free structures is reminiscent of
observations that while the geometry of neuronal circuits maxi-
mizes potential synaptic contacts (Wen et al., 2009), actual
synapses are established selectively among potential synaptic
partners (Petreanu et al., 2009; Oviedo et al., 2010). Our results
echo several recent studies that have temporally dissociated
local anatomical growth from synaptogenesis during develop-
ment and under conditions of enhanced plasticity (Na¨gerl
et al., 2007; Antonova et al., 2009; Hofer et al., 2009). Taken
together, these findings suggest that in adult plasticity one
set of signals may induce spine and filopodial growth, and
a second set of subsequent signals may regulate synaptogen-
esis at those new synaptogenic structures (Figure 8). The early
growth of spines may couple an increase in potential synapto-
genesis sites to the initial plasticity-inducing event, whereas
subsequent synaptogenesis may be specifically coupled to
memory consolidation processes. The mechanisms that locally
control synaptogenesis and synapse maintenance in the adult
remain to be determined, but our results using b-Adducin/Neuron 69, 1132–1146, March 24, 2011 ª2011 Elsevier Inc. 1143
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stand the cellular basis for long-term memory processes
upon learning.
Relationship between Synaptogenesis Processes
and Memory upon Enrichment
We found that several processes specifically enhanced upon
enrichment were not affected by the absence of b-Adducin in
the mutant mice. These included elevated neurogenesis in the
hippocampus, elevated spinogenesis at LMTs and in CA1, and
improved short-term memory. Our findings are consistent with
the notion that increased neurogenesis is not required for
some of the behavioral effects of environmental enrichment
(Meshi et al., 2006). By contrast, enrichedmice failed to establish
new synapses in the absence of b-Adducin, and instead of
improving long-term hippocampus-dependent memory upon
learning, enrichment worsened this memory in b-Adducin/
mice. Enhanced hippocampus-dependent memory was also
suppressed in enriched wild-type mice upon PKC inhibition,
i.e., under conditions that promoted b-Adducin phosphorylation
and inhibited AZ disassembly. Together, these results suggest
that enhanced learning and memory upon enrichment involves
the enhanced rearrangement of synaptic connectivity, consist-
ing of both the disassembly of existing synapses and the
assembly of new synapses. Since the behavioral assays specif-
ically testedmemory that depends on the function of mossy fiber
projections, these results suggest that failure to establish new
connectivity relationships involving LMTs accounted for the
adverse consequences of environmental enrichment in the
absence of b-Adducin in these assays.
How may connectivity rearrangements promote long-term
learning and memory in enriched mice? We suggest that envi-
ronmental enrichment may facilitate synapse turnover and de
novo synaptogenesis upon learning and that those learning-
related changes in connectivity maymediate long-term retention
of specific memories. Such a scenario implies that LTP at exist-
ing synapses may be but one synaptic mechanism to mediate
learning and memory, that parallel pathways triggered by expe-
rience and involving structural rearrangements of connectivity
can complement or even bypass a requirement for LTP, and
that these pathways are augmented upon enriched environment
(Figure 8; see also Ivanco et al., 2000; Rampon et al., 2000). In
support of the notion that connectivity rearrangements underlie
enhanced learning upon enrichment, learning was already
enhanced at 2 weeks of enrichment, when remodeling was
increased but no obvious net increases in synapse numbers
were yet detectable. Accordingly, environmental enrichment
may persistently elevate signals that promote the disassembly
of labile synapses and induce filopodial and spine growth, thus
facilitating long-term learning and memory and bypassing
a requirement to induce these signals through LTP-related
mechanisms.
In conclusion, we have provided evidence that circuit remodel-
ing and de novo synaptogenesis processes in the adult have
important roles in learning andmemoryand thatb-Adducin is crit-
ically important to establish new synapses under conditions of
enhanced plasticity. Future studies will aim at elucidating how
experience enhances synapse turnover and synaptogenesis,1144 Neuron 69, 1132–1146, March 24, 2011 ª2011 Elsevier Inc.how this potentiates memory processes, and how impairment
of these processes may produce memory losses in disease.
EXPERIMENTAL PROCEDURES
Mice and Reagents
Transgenic mice expressing membrane-targeted GFP in a small subset of
neurons (Thy1-mGFPSi1) were as described (De Paola et al., 2003; Galimberti
et al., 2010). b-Adducin/ mice (B6.129-b-Adducintm1Feb/Ibcm; Gilligan et al.,
1999) were generously provided by Luanne Peters (Jackson Labs). Rab3a/
mice (B6;129S-Rab3atm1Sud/J) were obtained from the Jackson Laboratory.
Both b-Adducin/ and Rab3a/mice were backcrossed into Thy1-mGFPSi1
mice.
Enriched environment (EE) procedures were as described (Gogolla et al.,
2009). Organotypic slice cultures were based on the Stoppini method (Stoppini
et al., 1991), as described (De Paola et al., 2003). All procedures were
approved by the Cantonal Veterinary Office of Basel, Switzerland.
Lentiviral constructs were a generous gift from Pavel Osten (Cold Spring
Harbor Laboratories; Dittgen et al., 2004); cytosolic GFP was replaced in the
expression cassette by the mGFP or the GFP-b-Adducin sequence. Plasmids
for gene gun transfection of hippocampal neurons were a kind gift from
Thomas Oertner (FMI); the plasmids drive the expression of membrane-
targeted tdRFP or GFP under the Synapsin1 promoter.
Immunocytochemistry and Histology
Micewere perfused transcardially with 50ml ice-chilled 4%paraformaldehyde
in PBS; brains were collected and kept in fixation solution at least overnight at
4C. Transverse hippocampal sections of 150 mm thickness were generated as
previously described (Galimberti et al., 2010). To generate coronal sections,
brains from perfused animals were incubated overnight in PBS containing
30% sucrose and sectioned at 50 mm on a cryostat (Microm) at 5C. Free-
floating coronal and transverse sections were blocked for 1 hr at room temper-
ature in PBS-T containing 3% BSA, then incubated with the primary antibody
solution (PBS-T, 3% BSA) over night at 4C, and subsequently incubated with
the secondary antibody solution (PBS-T) for 3 hr at room temperature.
Drug Delivery In Vivo
Anisomycin (Tocris) at the concentration of 50 mg/ml and pH 7.2 was injected
bilaterally into mouse DG at position2.18 posterior, 0.96 lateral, 1.90 ventral.
Chelerythrine (LC laboratories) at the concentration of 0.5 mg/ml in PBSwas
injected i.p. at a dosis of 5 mg/kg weight. For the anisomycin experiments,
chelerythrine injections were either 1 hr before or 12 hr after anisomycin. For
the behavioral or immunoblot analyses chelerythrine was injected 12 hr before
learning (novel object recognition) or sacrifice (immunoblot analysis).
Image Acquisition and Analysis
Transverse hippocampal sections from perfused animals were used for the
analysis of mossy fiber projections in CA3, CA3 pyramidal cell thorny excres-
cences, and CA1 pyramidal cell dendrites. High-resolution images were
acquired on an LSM510 confocal microscope (Zeiss) using a 633 (1.4)
oil-immersion objective.
Microscope images were deconvolved (Huygens) and analyzed using Imaris
7.0.0 (Bitplane AG) software. We defined LMTs asmossy fiber terminal regions
of >2.5 mmdiameter in CA3a–c that were arranged either en-passant or as side
structures connected to the mossy fiber axon or another LMT by an axonal
process (satellite) (Gogolla et al., 2009). For the quantification of LMT volumes
and surface areas at least three confocal 3D stacks were acquired in CA3b for
each preparation (at least two mice per condition) and analyzed using Imaris
7.0.0 software by creating an isosurface object corresponding to each LMT.
Complexity was defined as a ratio of the maximum volume (i.e., sphere) given
the measured surface area to actual measured volume.
Biochemical Analysis
Protein extracts for immunoblot experiments were obtained as follows. Brains
were flash-frozen at 40C and cut into 1 mm coronal slices on an iced stage.
Stratum lucidum fragments were dissected using a tip of a Pasteur pipette,
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Tris, COMPLETE protease inhibitors, pH 7.5).
For immunoblots, 20 mg total protein of each lysate was run on an SDS-
PAGE gel (5%–10%). The blots were scanned and analyzed using ImageJ.
To correct for total protein concentration for each lane, signals of interest
were divided by the signal from loading control (a-tubulin or GAPDH). To obtain
phosphorylation levels of b-Adducin, the corrected levels of Pi-b-Adducin
were divided by total b-Adducin levels. All results were normalized to wild-
type control levels.
Behavioral Analysis
For contextual fear conditioning, naive or enriched animals at the age of
3 months were allowed to explore the fear-conditioning cage for 2.5 min and
then received three 2 s 0.8mA shocks at the interval of 60 s. Twenty-four hours
after the conditioning, the animals were tested for freezing response in the
training chamber. Behavior was recorded and freezing response was scored
for 2.4 min starting at 1 min after the animal was put into the chamber.
For novel object recognition, naive or enriched animals at the age of
3 months were handled for 2 min and habituated to the testing arena for
3 min in three sessions on three consecutive days. On the fourth day, each
animal was allowed to explore for 10 min two identical objects placed in the
arena. On the fifth day, one of the familiar objects was replaced with a novel
object, and each animal was allowed to explore the arena and the objects
for 5 min.
Statistical Analysis
For active zone densities, LMT complexities, and satellite numbers, 3–4 mice
per each genotype per condition were analyzed (in most cases 50 LMTs per
animal). For satellite, filopodia, and spine turnover, 20 organotypic slice
cultures were analyzed per genotype. For postsynaptic densities and spine
densities, at least five mice were analyzed per genotype and condition (at least
100 spines per animal). For the behavioral analysis, at least 10 mice were
analyzed for each and condition (except in the case of viral rescue animals,
where five mice per test were analyzed). For all these experimental protocols,
the data were compared using ANOVA, and p values were obtained using the
post-Tukey test. The only exceptions were the fear conditioning experiments
and the analysis of adult neurogenesis, in which the nonpaired t test was
used to obtain p values.SUPPLEMENTAL INFORMATION
Supplemental Information includes one figure and Supplemental Experimental
Procedures and can be found with this article online at doi:10.1016/j.neuron.
2011.02.034.
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